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Two distinct sets of soluble N-ethylmaleimide-sensitive factor attachment protein receptors
(SNARE) catalyze membrane fusion in the cis-Golgi and trans-Golgi. The mechanism that controls
Golgi localization of SNAREs remains largely unknown. Here we tested three potential mechanisms,
including vesicle recycling between the Golgi and the endoplasmic reticulum, partitioning in Golgi
lipid microdomains, and selective intra-Golgi retention. Recycling rates showed a linear relationship
with intra-Golgi mobility of SNAREs. The cis-Golgi SNAREs had higher mobility than intra-Golgi
SNAREs, whereas vesicle SNAREs had higher mobility than target membrane SNAREs. The differ-
ences in SNARE mobility were not due to preferential partitioning into detergent-resistant mem-
brane microdomains. We propose that intra-Golgi retention precludes entropy-driven
redistribution of SNAREs to the endoplasmic reticulum and endocytic compartments.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The Golgi apparatus is a polarized organelle that mediates pro-
tein transport between the endoplasmic reticulum (ER) and endo-
cytic compartments. The cis-Golgi is a receiver of anterograde
vesicles traveling from the ER, whereas the trans-Golgi is a depar-
ture site for vesicles traveling to endocytic compartments [1]. The
ER resident proteins that escape to the Golgi and Golgi proteins cy-
cle back to the ER via the retrograde pathway [2–9].
Soluble N-ethylmaleimide-sensitive factor attachment protein
receptors (SNAREs) [10] play a fundamental role in membrane fu-
sion and have a polarized, gradient-like distribution in the Golgi.
The vesicle (v)-SNARE proteins rBet1 [11,12], and the target mem-
brane (t)-SNAREs Ers24 (Sec22) [12,13], p27 (Gs27, membrin)[14,15] are enriched in the cis-Golgi, whereas the t-SNAREs Syn-
taxin5 (Sed5) [16,17], Gos28 (Gs28, p28, Gos1p) [18–20] and
Ykt6 [21] and the v-SNARE Gs15 (Sft1) [21,22] are enriched in-
tra-Golgi and in the trans-Golgi. Morphological and biochemical
studies suggest that at least two SNARE complexes (SNAREpins),
the cis-Golgi v-[rBet1]:t-[Ers24-p27-Syntaxin5] and the trans-Golgi
v-[Gs15]:t-[Ykt6-Gos28-Syntaxin5], catalyze membrane fusion in
the Golgi stack [15,23–26].
While the distribution of Golgi SNAREpins is well established,
the mechanisms that control their distribution across the Golgi
stack are largely unknown. Here we tested three potential mecha-
nisms responsible for SNARE localization in the Golgi: vesicle-med-
iated recycling between the Golgi and the ER, selective partitioning
in the Golgi membrane microdomains, and selective retention in
the Golgi. Finally, we propose a new idea how fusogenic and inhib-
itory SNARE complexes [27] can generate SNARE gradients in the
early secretory pathway.
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2.1. SNARE recycling between the Golgi and the ER
Protein recycling between the Golgi and the ER is mediated by
anterograde and retrograde transport (Fig. 1C). We computed the
rate of anterograde transport (Kin) and the rate of retrograde trans-
port (Kout) for various SNARE proteins using ﬂuorescence recovery
after photobleaching (FRAP) [28]. The Golgi membrane SNARE pro-
teins rBet1, Ers24, p27, Gos28, Syntaxin5 and Gs15 were tagged
with the cyan ﬂuorescent protein (CFP) and expressed in NRK cells
as previously described [29]. Kin values were calculated from
single-exponential ﬁts of ﬂuorescence recovery curves after photo-rBet1
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Fig. 1. Anterograde transport of SNARE proteins in the early secretory pathway. CFP-tag
were bleached, and anterograde transport rates were determined following ﬂuorescence
the post-bleaching (0 s), and the post-recovery stages (160 s) of FRAP. The later set of
ﬂuorescence traces showing the kinetics of ﬂuorescence recovery in the Golgi following p
recycling in the early secretory pathway. The ER and the Golgi are bound bi-directionally
(represented by the rate Kout). Intra-Golgi rates (Kg) represent protein mobility in the Gol
of ﬂuorescence recovery curves after photobleaching the Golgi as described in Section
between Kin values were determined using One-way ANOVA; ⁄⁄P < 0.01; ⁄⁄⁄P < 0.001.bleaching the Golgi (Fig. 1A and B and Supplementary videos),
whereas Kout values were determined based on ﬂuorescence recov-
ery after photobleaching the ER (Fig. 3 and Supplementary videos).
For all SNARE proteins examined, Kin were not signiﬁcantly dif-
ferent than the corresponding Kout values (Fig. 1D and 3B). Kin val-
ues for rBet1 were signiﬁcantly higher than Kin values for all other
SNARE proteins, but no statistically signiﬁcant differences in Kin
values were detected between any other combinations of SNAREs
(Fig. 1D). To conﬁrm that ﬂuorescence recovery represents the ves-
icle-mediated transport step that originates in the ER, we treated
digitonin-permeabilized cells with the dominant-negative mutant
of GTPase Sar1T39N, the inhibitor of COPII vesicle formation at
the ER exit sites [30,31]. To verify that ﬂuorescence recovery inErs24
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Fig. 2. Anterograde transport of SNAREs requires the ER exit sites. (A) Digitonin-
permeabilized cells expressing CFP-GOS28 were incubated with transport mixture
in the presence or absence of the dominant-negative mutant Sar1 T39 N. The Golgi
regions of permeabilized cells (arrows) were photobleached, and the recovery of
ﬂuorescence in the Golgi was monitored as described above. (B) Enlarged image of
the Golgi regions from ‘‘A’’. (C) Cells expressing CFP-GOS28 were pretreated for 2 h
with 100 lg/ml cycloheximide and the recovery of ﬂuorescence in the Golgi was
monitored as described in Section 5.
M. Fukasawa et al. / FEBS Letters 587 (2013) 2377–2384 2379the Golgi requires membrane fusion, we pretreated intact cells
with the membrane fusion inhibitor N-ethylmaleimide. Antero-
grade transport was inhibited by N-ethylmaleimide (data not
shown), and by Sar1T39N (Fig. 2A and B). Pretreatment of cells
with the protein synthesis inhibitor cycloheximide did not alter
anterograde transport (Fig. 2C).
Kout values for rBet1 were signiﬁcantly higher than Kout values
for Gos28, Syntaxin5 and Gs15, although no signiﬁcant differences
between Kout for rBet1 and Kout for Ers24 and p27 were detected
(Fig. 3B). There was a strong linear correlation (R2 = 0.96) between
Kin and Kout values, consistent with the ‘‘trans < cis’’ distribution of
Golgi SNARE proteins [15,23–26]: Syntaxin5 < Gos28 < p27 <
Ers24 < rBet1 (Fig. 3C). Thus, the cis-Golgi SNAREs cycle at higher
rates than intra-Golgi SNAREs. Gs15 was excluded from a linear
regression analysis because its Kin was higher than what can be
expected for the trans-Golgi SNARE (Fig. 3C).
2.2. Partitioning of SNARE proteins in membrane microdomains
Recent studies suggest that exocytic SNAREs are enriched in
detergent-resistant lipid microdomains (lipid rafts) [32–36]. We
thus tested whether Golgi SNARE proteins can also differentially
partition into lipid microdomains in NRK and HELA cells. Cells
were extracted with the cold non-ionic detergent Lubrol WX fol-
lowed by sucrose density centrifugation (Supplementary Fig. 1S).
Light fractions 3–5 on the sucrose density gradient represent
detergent-resistant lipid domains, whereas the bottom fractions
represent detergent-soluble lipid domains. Immunoblot analysis
of gradient fractions revealed differential partitioning of endoge-
nous secretory pathway proteins into detergent-resistant fractions
(Fig. 4). Proteins that were highly enriched in detergent-resistant
membranes included Caveolin-1 (plasma membrane, endosomes
and TGN), SNAREs Vti1a, Vti1b and Syntaxin6 (endosomes and
TGN), Rab6a (GTPase involved in post-Golgi and intra-Golgi trans-
port), and TGN38 [37–39]. Trans-Golgi SNAREs Gs15, Syntaxin5
and Gos28, and Rab1b (GTPase involved in ER-Golgi and intra-Gol-
gi transport [39]) showed minor partitioning and cis-Golgi SNAREs
p27, Ers24 and rBet1 were not detected in the detergent-resistant
fractions (Fig. 4A and B). When cells were extracted with TritonX-100, none of the proteins examined partitioned into caveolin-
containing detergent-resistant fractions (Supplementary Fig. 2S).
Whereas most Golgi SNAREs are integral membrane proteins,
Ykt6 is associated with the Golgi membranes via a dual farnesyl/
palmitoyl lipid group [40]. Membrane binding of Ykt6 is under
the negative intra-molecular regulation of its N-terminal domain
that keeps the Ykt6 protein in cytosol [41]. To test whether Ykt6
is associated with detergent-resistant domains, we stably ex-
pressed GFP-(wild type Ykt6) and GFP-(F42EYkt6), the open con-
formation mutant [40], and subjected the cells to Lubrol WX
solubilization. The wild type form of GFP-Ykt6 remained cytoplas-
mic and distributed to the detergent-soluble fraction, whereas
GFP-(F42EYkt6) was membrane-bound and partitioned in deter-
gent-resistant lipid fractions (Fig. 4C). We conclude that trans-
membrane Golgi SNARE proteins are primarily excluded from
Lubrol-resistant lipid rafts.
2.3. Intra-Golgi mobility of SNARE proteins
Active retention through protein–protein or protein–lipid inter-
actions may restrict SNARE mobility in the Golgi. To test intra-Gol-
gi mobility of SNARE proteins, we photobleached small areas of the
Golgi and followed the recovery of ﬂuorescence as described [42]
(Fig. 5A and Supplementary videos). Golgi SNAREs displayed differ-
ential mobility. The cis-Golgi v-SNARE rBet1 and the trans-Golgi v-
SNARE Gs15 had the highest mobility and intra-Golgi t-SNAREs
Syntaxin5 and Gos28 had the lowest mobility in the Golgi. The
recovery of ﬂuorescence after photobleaching Golgi regions for
Syntaxin5 and Gos28 was very slow compared to other SNAREs
(Fig. 5), suggesting that intra-Golgi SNAREs are largely immobile
in the Golgi membranes. This result was reproduced in CHO cells
(data not shown).
The cis-Golgi SNARE Ers24 was more mobile than the intra-Gol-
gi SNARE Syntaxin5 and the trans-Golgi v-SNARE Gs15 was more
mobile than the trans-Golgi t-SNAREs Syntaxin5 and Gos28
(Fig. 5B). This analysis suggests that v-SNAREs more mobile in
the Golgi membranes than t-SNAREs.
Further analysis showed the linear relationship between intra-
Golgi mobility rates and the rates of anterograde transport of
SNARE proteins, consistent with the intra-Golgi distribution of
SNAREs: Syntaxin5 < Gos28 < p27 < Ers24 < rBet1 (Fig. 5C). Simi-
larly, intra-Golgi mobility rates correlated with the rates of retro-
grade transport of SNARE proteins (Fig. 5D). Thus, a selective
Golgi retention mechanism may control intra-Golgi localization
of SNARE proteins.3. Discussion
3.1. SNARE recycling between the Golgi and the ER and fractional
distillation hypothesis
The Golgi apparatus may utilize a fractional distillation princi-
ple for mediating protein sorting in the early secretory pathway
[43]. This prediction leads to a new paradigm that the rate at which
a Golgi protein enters the retrograde pathway and/or the rate at
which an ER protein enters the Golgi may determine the relative
partitioning of this protein into the cis- and trans-Golgi compart-
ments. If this mechanism is true, then the cis < trans Golgi SNARE
gradient is a result of a slower exit from and/or a faster return to
the Golgi, while the cis > trans Golgi SNARE gradient is a result of
a faster exit from and/or a slow return to the Golgi.
The present report, however, suggests that for all SNARE
proteins examined, anterograde rates (Kin) were not signiﬁcantly
different than the corresponding retrograde rates (Kout) of trans-
port (Fig. 1D, 3B and C). Thus, it is unlikely that the asymmetric
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Fig. 3. Retrograde transport of SNARE proteins in the early secretory pathway. (A) CFP-tagged Golgi SNARE proteins were transiently expressed in NRK cells and retrograde
transport rates were determined following the recovery of ﬂuorescence in the ER after bleaching the ER (the regions of interest that exclude the Golgi). Representative images
showing the pre-bleaching (10 s), the post-bleaching (0 s), and the post-recovery stages (600 s) of FRAP. Scale bar = 10 lm. (B) The rates of retrograde transport of SNARE
proteins. Kout values were calculated from single-exponential ﬁts of ﬂuorescence recovery curves after photobleaching the ER as described in Section 5. Bars are
means ± S.E.M. for n = 10–15 cells. Statistically signiﬁcant differences between Kin values were determined using One-way ANOVA; ⁄P < 0.05; ⁄⁄P < 0.01. (C) Linear correlation
between Kin (from Fig. 1D) and Kout (from Fig. 3B) for Golgi SNARE proteins.
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SNARE segregation in the early secretory pathway. Because the
rates of anterograde and retrograde transport of SNARE proteins
were similar, as expected for dynamic equilibrium, we hypothesize
that SNAREs follow the constitutive recycling pathway between
the Golgi and the ER. There was a linear relationship between in-
tra-Golgi mobility rates and the rates of anterograde and retro-
grade transport of SNARE proteins, suggesting that the cis-Golgi
SNAREs are more mobile in the Golgi than intra-Golgi SNAREs.
Therefore we hypothesize that intra-Golgi retention controls
SNARE release into the recycling pathway.
3.2. Partitioning of SNARE proteins in Golgi microdomains
It has been suggested that cholesterol concentration gradually
increases from the cis-Golgi to the trans-Golgi [44]. The asymmet-
ric distribution of cholesterol or other lipids alone the cis–trans
axis of the Golgi may inﬂuence intra-Golgi mobility of SNARE pro-
teins. The analysis of Lubrol-extracted cholesterol-containing lipid
raft fractions revealed a high content of the endocytic pathway and
TGN markers, including SNARE proteins Vti1 and Syntaxin 6, and
non-SNARE proteins TGN38 and Rab6a (Fig. 4). In contrast, Golgi
SNARE proteins showed poor partitioning or no partitioning into
detergent-resistant fractions (Fig. 4). This ﬁnding was reproduced
using two different cell lines. This result is consistent with a previ-ous report that exocytic SNARE proteins Syntaxin 1 and Synaptob-
revin 2 reconstituted into giant unilameller vesicles in vitro prefer
the liquid-disordered phase [45]. Similar in vitro reconstitution
experiments using puriﬁed Golgi SNAREs may unambiguously re-
solve the differences in membrane raft partitioning of cis-Golgi
and trans-Golgi SNAREs in vitro.
Although protein partitioning into detergent-resistant mem-
brane fractions is often used as the criterion for lipid raft associa-
tion, this method is somewhat artiﬁcial in respect to the native
state of biological membranes in vivo. While the TGN is enriched
in lipid raft markers [46], the existence of intra-Golgi rafts, their
composition, and the solubility in different detergents remain un-
known. It is possible that differential mobility of Golgi SNARE pro-
teins reﬂect the differences in membrane ﬂuidity of individual
Golgi cisternae rather than partitioning into lipid rafts. The length
and amino acid composition of the transmembrane domains or dif-
ferential homo and hetero oligomerization may guide SNARE pro-
teins into different lipid domains of the Golgi membranes.
3.3. Intra-Golgi mobility of SNARE proteins and protein–protein
interactions
It is now well documented that the intra-Golgi SNAREs interact
genetically and physically with the Golgi tethering factors COG,
GM130 and p115. These factors promote the assembly of SNARE
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viewed in [47]). Recent study suggests that Gos28 and Syntaxin5,
but not Ers24, Bet1 and Gs15 bind the components of the COG
complex in vivo [48]. This study agrees with the present report that
Gos28 and Syntaxin5 have the lowest mobility, while rBet1, Ers24
and Gs15 have the highest mobility in the Golgi membranes
(Fig. 5). We hypothesize that the trans-Golgi t-SNAREs Gos28 and
Syntaxin5 are stably associated with immobile fraction comprised
of tethers and/or other Golgi proteins. In contrast, v-SNAREs rBet1
and Gs15 that don’t bind the known tethers [48] have higher
mobility in the Golgi (Fig. 5). The yeast homolog of the trans-Golgi
t-SNAREs Ykt6 has been shown to bind the GOG complex in yeast
[49], although its intra-Golgi mobility was not examined in the
present study. Thus, the spatial segregation of the cis-Golgi and
trans-Golgi SNAREpins correlate with their differential association
with the Golgi tethering factors.
Homo and hetero oligomerization of SNARE proteins via their
transmembrane or cytoplasmic domains may also contribute to
their localization mechanism in the Golgi. Although numerous
co-immunoprecipitation studies suggest that trans-SNARE com-
plexes are relatively unabundant in the cell, one can argue that
detergent solubilization may disrupt weak protein–protein inter-
actions that bind SNARE proteins in a delicate protein network,
consisting of fusogenic and inhibitory SNARE partners and Golgi
tethers. These weak, possibly transient interactions may hold
SNARE proteins in place and also regulate fusion speciﬁcity of
membrane compartments.
3.4. Golgi localization of SNARE proteins and i-SNARE hypothesis
Although vesicle recycling and/or association with Golgi pro-
teins or lipids may modulate the steady-state levels of SNARE pro-
teins in the Golgi, one additional mechanism remains untestedin vivo. We previously described a new functional class of SNAREs,
designated inhibitory SNAREs (i-SNAREs) [27]. An i-SNARE inhibits
membrane fusion by substituting for a subunit of a fusogenic
SNARE complex to form a non-fusogenic complex. For example,
the cis-Golgi SNAREs Bet1 and p27 function as the i-SNAREs that
inhibit fusion mediated by the trans-Golgi SNAREs, and the trans-
Golgi SNAREs Gs15 and Gos28 function as the i-SNAREs that inhibit
fusion mediated by the cis-Golgi SNAREs [27].
This ﬁnding has two strong implications that (i) SNAREs can
mediate topologically restricted membrane fusion, and (ii) SNAREs
can regulate their own distribution in the Golgi stack. i-SNAREs
may also drive the homotypic fusion of trans-Golgi membranes
by restricting fusion of vesicles enriched in the cis-Golgi SNAREs
with the trans-Golgi compartments, and by allowing fusion of ves-
icles enriched in the trans-Golgi SNAREs with the trans-Golgi com-
partments. The same rule may apply to the homotypic fusion in the
cis-Golgi. This process may lead to formation of non-identical com-
partments and the apparent gradient-like distribution of SNARE
proteins across the Golgi stack. Because the yeast Golgi is not
assembled in a pancake-like structure of the mammalian Golgi, it
is possible that homotypic assembly of Golgi compartments, in
the absence of their spatial alignment, is sufﬁcient for mediating
Golgi function, including cargo sorting and protein glycosylation.
The question arises as whether the inhibitor–activator relationship
exists among the other classes of Golgi proteins and how the
homotypic and heterotypic ensembles of SNARE proteins regulate
self-organization of the Golgi.
3.5. SNARE sorting into different transport vesicles
The mechanisms, which explain the different transport rates of
SNARE proteins, remain unclear. It is possible that vesicle fusion
speciﬁcity (reﬂected by different transport rates) can be
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Fig. 5. Intra-Golgi mobility of SNARE proteins. (A) CFP-tagged Golgi SNARE proteins were transiently expressed in NRK cells and intra-Golgi transport rates were determined
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vesicles in the Golgi. For instance, rBet1 and GS15 may bind the cis-
Golgi and trans-Golgi sets of coat proteins, respectively, guiding
cis-Golgi and trans-Golgi v-SNAREs into different populations of
Golgi-derived COPI vesicles [50–52]. Intra-Golgi SNAREs might en-
ter both the cis-Golgi and the trans-Golgi types of COPI vesicles,
although the third ‘‘mixed’’ type of COPI vesicles involved in in-
tra-Golgi sorting of SNAREs may also exist.
A similar type of the sorting mechanism operating at the vesicle
budding sites in the ER may drive the cis-Golgi v-SNARE rBet1 into
a distinct (and possibly more fusogenic) type of COPII vesicles,
resulting in the segregation of rBet1 from other SNAREs [53,54],
explaining faster recovery rates for rBet1 in the Golgi. It is note-
worthy that the i-SNARE-mediated mechanism might preclude
undesirable fusion events between different types of vesicles by
keeping a subset of SNAREs in a passive ‘‘passenger’’ mode.
4. Conclusions
Unfortunately, the FRAP-based method alone cannot resolve the
mechanism of intra-Golgi transport of SNARE proteins. The mea-
sured transport rates in the Golgi might reﬂect the number of
transport steps within the Golgi which may occur by several inde-
pendent mechanisms, including vesicle- or tubule-mediated trans-
port, lateral diffusion in the Golgi membranes, or cisternae
maturation (reviewed in [55,56]). It is likely that a combination
of these mechanisms contribute to SNARE localization. Other
methods that involve super-resolution imaging and reversibleinactivation of the Golgi proteins are required to unambiguously
resolve the mechanisms of intra-Golgi transport of SNARE proteins
[57].
5. Materials and methods
5.1. Recombinant techniques, cell culture and protein expression
The coding regions of rat Bet1, p27, and Syntaxin5, mouse Gs15,
Chinese hamster Gos28 and Ers24 have been subcloned in frame
into BamH1/Mlu1 sites of modiﬁed (Mlu1 site was introduced be-
tween BamH1 and Xba1) pECFP-C1 or SacII/BamH1 sites of pECFP-
N1 vectors (Clontech Laboratories Inc., Mountain View USA). Sim-
ilar GFP-SNARE constructs have been described [29]. NRK cells
were cultured in 8-well chambers (Lab-Tek II chambered #1.5,
German coverglass system, Nalge Nunc International, Rochester,
NY, USA) in DMEM containing 10% fetal calf serum, penicillin,
streptomycin, and fungizone (Invitrogen, Grand Island, NY, USA).
Cells were transfected with 2 lg DNA using FuGENE HD transfec-
tion reagent (Promega Corporation, Madison, USA) and assayed
within 24 h after transfection. Only cells expressing low levels of
CFP-tagged proteins were used for analysis.
5.2. Live-cell microscopy and image analysis
Image recording was conducted using an inverted Leica SP5
AOBS spectral confocal system equipped with a motorized,
temperature-controlled stage and 63x HCX PL APO (NE = 1.451)
M. Fukasawa et al. / FEBS Letters 587 (2013) 2377–2384 2383glycerol objectives. CFP was excited with an Argon laser, and
images were recorded at emission bandwidth of 500–550 nm.
Photobleaching was performed using the built-in FRAP module of
the Leica confocal microscope. Anterograde (Kin), retrograde (Kout),
and intra-Golgi (Kg) rates of transport were calculated as follows.
Raw ﬂuorescent values obtained from the post-bleach recovery
traces (Fpb) were background (Fb)-corrected and initial ﬂuores-
cence values (F0) were set to zero:
F ¼ ðFpb  FbÞ  ðF0  FbÞ
The corrected traces were used for rate (K) calculations using
the single exponential ﬁt function in GraphPad Prism, version-4
software:
F ¼ Fmaxð1 eKtÞ
The goodness of ﬁt was determined using the R2 values. Cells
that displayed focus shift or movements during the recovery of
ﬂuorescence were not included in analysis.
5.3. Flotation of lipid raft fractions
Lipid raft fractions were separated as described previously [58]
with 1% (v/v) Lubrol WX instead of Triton X-100 as a detergent. In
brief, sub-conﬂuent HeLa cells in two 10 cm-dishes, after being
washed with PBS, were harvested by scraping and precipitated
by centrifugation at 300g for 5 min. The precipitated cells were
extracted with 100 ll of 1% (v/v) Lubrol WX in MN buffer
(25 mMMES-NaOH, pH 6.5) containing 0.15 M NaCl and a protease
inhibitor cocktail (Complete™ EDTA-free, Roche) for 30 min on ice.
Cell extracts were diluted into 500 ll, by adding 85% (w/v) sucrose
in MN buffer, and layered under 8 ml of a 10–30% sucrose gradient
in MN buffer. After centrifugation at 75000g for 20 h at 4 C,
0.75-ml fractions were collected from the top of the resulting
gradient.
5.4. Antibodies
Rabbit polyclonal antibody against Caveolin was purchased
from Santa Cruz Biotechnology. Mouse monoclonal antibodies
against Vti1a and Vti1b were from BD Biosciences, against rBet1
(clone 16G6) from StressGen Biotechnology, and against GFP from
Roche Applied Science. Mouse monoclonal antibodies against
Rab1b (clone M1E7) and Rab6a (clone 5B10) were gifted from T.
Mayer [59]. Rabbit polyclonal antibodies against Gos28, Syntaxin5,
Ers24, p27, Syntaxin 6, and Gs15 were generated and afﬁnity-puri-
ﬁed as described previously [60].
5.5. Immunoblot analysis
Each fraction was solubilized with NuPAGE LDS sample buffer
(Invitrogen) containing 50 mM DTT and then heated at 95 C for
5 min. Electrophoresis of these samples was performed in precast
NuPAGE 10% or 12% bis–tris gels (Invitrogen). For immunoblot
analysis, the proteins were transferred to polyvinylidene diﬂuoride
membranes (Invitrogen), and the blotted membrane was incubated
with primary antibodies, at a 1:1000 dilution, for 90 min. Horse-
radish peroxidase-conjugated secondary antibody (GE healthcare),
at a 1:1000 dilution, was incubated with the blot for 90 min.
Detection was performed by using ECL (GE Healthcare) and
ﬂuorography.
5.6. Cell culture and establishment of GFP-tagged Ykt6-expressing cells
All cells were grown in Dulbecco’s modiﬁed Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS),100 U/ml Penicillin G, and 100 mg/ml streptomycin sulfate under
a 5% CO2 atmosphere at 37 C. Mammalian expression vectors of
GFP-tagged Ykt6 and Ykt6-F42E were constructed as described
previously [40]. To establish cells stably expressing GFP-Ykt6 or
GFP-Ykt6-F42E, HeLa cells were transfected with these plasmids
using FuGENE 6 Transfection Reagent (Roche), selected by G418
resistance, and cloned. Exogenous Ykt6 expression in these cell
clones was conﬁrmed by ﬂuorescent microscopy.
5.7. Permeabilized cell assay
NRK cells were permeabilized as described [61]. Brieﬂy, cells
were rinsed with cold KHM buffer (25 mM HEPES pH 7.4,
125 mM potassium acetate, 2.5 mMmagnesium acetate), and incu-
bated for 10 min on ice in the presence of 30 lg/ml digitonin (Cal-
biochem) in KHM buffer. In NSF rescue experiments, 0.2 mM NEM
was added to a permeabilazation mixture. NEM was neutralized by
0.4 mM DTT for 5 min. Cells were rinsed with cold KHM buffer, and
then incubated for 10–20 min on ice in 200 ll transport mixture
(5 mM ATP, ATP-regenerating system, 50% bovine brain cytosol,
KHM buffer, 5–10 lg NSF and 5–10 lg alpha-SNAP). Recombinant
Sar1 mutant (Sar1 T39N) was puriﬁed as described [62] and dia-
lyzed against KHM buffer containing 10 lM GDP and 0.5 mM
DTT. Ten to twenty micrograms of Sar1 T39N was added to a trans-
port mixture.Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.febslet.2013.
06.004.
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